Mg batteries utilizing a Mg metal anode with a high-voltage intercalation cathode define a potential pathway toward energy storage with high energy density. However, the realization of 
Introduction
Multivalent batteries, such as those based on Mg, present a potential alternative to Li-ion batteries, particularly in terms of increased energy density. 1 Mg batteries are able to use Mg metal as an anode at reasonable current densities (< 0.5 mA/cm 2 ), 2 
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Typical Mg electrolytes have significantly narrower electrochemical stability windows (~1.5 V-3.0 V vs. Mg) 16 compared to what is available in the Li-ion battery space (~1.5 V-5 V vs. Li). 17 Indeed, most electrolytes, including the solvents used in commercial Li electrolytes (e.g., PC and DMC), 18 have poor reductive stability (i.e., cathodic stability) and tend to decompose at the Mg metal anode. 6, 19 In addition, the utilization of high-voltage cathodes (e.g., oxides) is greatly impeded by the limited oxidative stability (i.e., anodic stability) of Mg electrolytes. 2-7, 9-14, 20-22 Thus, the reactivity of the electrolyte against both Mg-anode and a high-voltage cathode results in electrolyte decomposition, often producing a passivating layer primarily containing a binary Mg-salt, such as MgO (and Mg(OH)2 if moisture is present).
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The presence of MgO greatly inhibits Mg 2+ transport 27 and eventually the ability of the battery to store energy reversibly. 28 Further work is still being done to develop Mg electrolytes that can reversibly strip and deposit Mg at the anode and cathode. 5, 6, 29 For example, a class of carboranes has recently been proposed as promising electrolytes stable against Mg metal and high voltage cathodes (up to 4.6 V vs. Mg). 7 However, more work is required to elucidate the mechanisms of reversible Mg transfer at the cathode and develop strategies to mitigate electrolyte decomposition. 30, 31 In analogous Li-systems, several approaches have been utilized to address the safety and electrochemical stability limitations of typical Li electrolytes. 32, 33 For example, solid electrolytes have been shown to be safer compared to typical solvent-based electrolytes, which may experience thermal runaway issues. [34] [35] [36] [37] Another ongoing field of research is the application of protective coating layers to shield one or both electrodes from an incompatible electrolyte, while providing sufficient ionic mobility and preferably low electronic conductivity. Indeed, the solid electrolyte interphase (SEI) that forms at the graphitic anodeelectrolyte interface is a good example of a protective layer with sufficient Li mobility that enables the reversible operation of Li-ion batteries. 38 The set of elements from which we evaluate Mg binaries and ternaries is shown in Figure 1 , with Mg colored in red and the other elements colored based on their respective group numbers (a complete list of all Mg-binaries and ternaries investigated is provided in Table S1 of the Supporting Information -SI). In addition to the highlighted elements, we considered borohydrides, niobates, titanates, titanium phosphates, and zirconium phosphates which have been reported to be promising coating materials in Li-ion batteries. 39 Also, we included Mg- The electrochemical stability windows of each compound are calculated using the approach developed by Richard et al. 39 by constructing the corresponding grand potential ( ) phase diagram by means of the pymatgen library, 42, 43 where is defined as: 47 as initial guesses during our DFT structure relaxation. For Mg0.5Zr2(PO4)3 and Mg0.5Ti2(PO4)3, which are disordered structures in the ICSD database, we enumerated possible configurations within the respective unit cell 43, [48] [49] [50] and included the lowest energy configuration.
Results and Discussion
Electrochemical stability windows of Mg-binaries Figure 2 shows the voltage windows of all Mg-X binaries considered, where the compounds are grouped by the anion column ( Figure 1 ) and sorted within each group by increasing electronegativity. . From this analysis we conclude that the electronegativity of the anion can be used as a proxy for the oxidative potential of Mg binary compounds since it describes the ability of the anion to limit an oxidation reaction. Figure 3 shows the voltage windows of Mg ternary and quaternary oxides, while Figure 4 shows the voltage windows of Mg ternary non-oxides (i.e., sulfides, selenides, tellurides, and a hydride). In general, trends in oxidative and reductive stability from Figures 3 and 4 can be explained by analyzing the species most prone to oxidation and reduction, respectively. In most of the ternary compounds considered, the species most prone to oxidation is the anion since the other elements are already at their highest oxidation states (e.g., P 5+ in Mg3(PO4)2). Thus, the susceptibility of the anion to be oxidized dictates the oxidative stability of the compound.
Electrochemical stability windows of Mg-ternaries
For example, among the phosphates (yellow bars in Figure 3 ), thio-phosphates (orange bar in Figure 4 ), and seleno-phosphates (gray bar in Figure 4) , phosphates exhibit the highest oxidative stabilities compared to MgPS3 and MgPSe3 because O 2-is more difficult to oxidize than S 2-or Se 2-. Given that the electronegativity of the anion directly corresponds to the tendency of the anion to attract electrons and its resistance to oxidation, there is a high degree of correlation between increasing anion electronegativity (e.g., O > S > Se) 52 and higher oxidative stabilities of binary ( Figure 2 ) and ternary ( Figures 3 and 4 , etc.
The reductive stability of ternary compounds depends primarily on two key metrics: i) the electronegativity of the species that undergoes reduction, which is the non-Mg cation in ternary compounds, and ii) the electronegativity of the anion that does not undergo reduction but regulates the thermodynamic stability of the ternary compound versus the corresponding binary compounds. Notably, reductive stability correlates inversely with the electronegativity of the non-Mg cation species, since larger electronegativities reflect higher attraction towards . 44 The higher stability of Al-O and P-O bonds is possibly due to better hybridization of Al and P among the oxides versus sulfides, respectively. Thus, despite MgO creating a larger thermodynamic driving force for reduction than MgS (as indicated by the stability windows in Figure 2 ), the lack of affinity for S from Al and P in Mg-Al-, and Mg-Pternaries facilitates the reduction of Al 3+ and P 4+/5+ , respectively, in the ternary sulfides compared to the oxides.
Potential candidate materials
Based on the voltage windows of the Mg binaries, ternaries and quaternaries in Figures 2-4 has been calculated for a number of Mg-binaries in a prior study, 27 including MgO (~1800 meV), MgS (~900 meV), and MgSe (~700 meV) of Figure 5 , and a few ternaries, such as Mg(ScSe2)2 (~375 meV), Mg(InS2)2 (~488 meV) and Mg(ScS2)2 (~415 meV), while more work is in progress for other candidates listed in this work. The poor bulk Mg mobility causes
MgO and MgS to be inactive passivating materials that limit any Mg transference, despite their wide stability ranges (0-3.1 V for MgO and 0-1.6 V for MgS). Similarly, poor Mg mobility in bulk Mg0.5Ti2(PO4)3 (> 1 eV 1 ) will hinder its use as a protective oxidative coating.
Nevertheless, our study identifies a tractable list of possible coating and electrolyte candidates in which Mg 2+ mobility must be estimated, based on their calculated electrochemical stabilities.
Conclusion
In this work, we evaluate, using density functional theory calculations, the electrochemical stability windows for non-redox-active Mg binary, ternary and selected quaternary compounds 
